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ABSTRACT

The oxidation behavior of tungsten in air and oxygen has been studied as a function of

pressure (0.1 to 5.0 mm Hg) and gas dynamics at temperatures from 1,300 to 3,350°C
(2,370 to 6,060°F). The development of a surface recession technique for rate meas-
urement in static and dynamic atmospheres at low pr‘essures is described. Grain size

and orientation are shown to influence the rate of oxidation.

Transport of oxygen in the system is a rate-limiting factor in static or turbulent air. -
Oxygen partial pressure in the reaction chamber varies with the temperature, surface
area, and system geometry. High-velocity jet impingement is required to provide a
known and constant value of oxygen pressure. Gaseous transport is not rate limiting
in pure oxygen at pressures below 3 mm Hg and temperatures to 2,200°C (3,990°F).
Identical oxidation rates are obtained by tests in static, turbulent, or high-velocity
oxygen and high-velocity air.

Two transitions in oxidation behavior with increasing temperature are observed. A
reduction in temperature dependency and an increase in pressure dependency occurs
at each transition. At all pressures, rates reach a maximum and decrease with in-
creasing tem f/l;’%tylzia;bng aboAut/2/’ 72/0})@0 (3 990 F). ﬁduations which predict rates

of ox1da.tionf at pressures of 10 ~ to 3.0 mm Hg within £20 perﬁent of experimental

values from three independent investigations are presented. & £ A_/S./

—
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Section 1
INTRODUCTION

Serious consideration is being given to the use of tungsten in high-temperature appli-
cations above the limits of available protective coating systems. Components capable
of operating at temperatures to 3,000°C (5,430°F) are being designed, manufactured,
and tested today. Although oxidation-resistant coatings are needed for extended use
at high temperatures in air, absolute protection from oxidation is not mandatory for

a number of applications. Coatings may not be required where high-temperature
exposure occurs at a low partial pressure of oxygen for a relatively short time.

For example, uncoated tungsten is used successfully at temperatures approaching

its melting point in the nozzles of solid-propellant rocket engines. Although products
of combustion contain oxidizing gases, exposure time is of the order of one to two
minutes, and loss by oxidation is negligible. Leading edges and heat shields of hyper-
sonic re-entry vehicles will operate at temperatures of 1,200 to 3,000°C (2,190 to
5,430°F). Heating occurs in static and high-velocity air at pressures of 10_4 to 20 mm
Hg for times of 10 to 100 min (Ref. 1). If surface recession by oxidation under these
conditions is small, it can be tolerated by proper design. In some cases, refractory

oxide coatings may be used to restrict the access of air and to reduce the oxygen

R A
oS

e %ffu.;‘ -"V”*"f"ﬂ» ad{‘;@

The successful application of this approach to the use of tungsten at ultra—high tem-~

pressure at the metal-oxide interface.

peratures demands a precise knowledge of oxidation behavior under the anticipated
environmental conditions. [The purpose of this investigation was to obtain rate data
for the oxidation of tungsten from 1,300 to 3,400°C (2,370 to 6,150°F) as a function
of oxygeri pressure and gas dynamics and to obtain an improved understanding of

reaction kinetics that will be of theoretical as well as practical utilii_yij_J /{v{,/(, [ 7&3 a2

_.»[37
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Section 2
REACTION KINETICS AT HIGH TEMPERATURE

There have been only a few investigations of the oxidation of tungsten at temperatures
above 1,300°C (2,370°F) and pressures below one atmosphere. Past interest in this
subject has been for the use of tungsten as filaments in lamps and electron tubes.
Limited data have been obtained for fine-wire and ribbon filaments at temperatures
to 2,500°C (4,530°F) in oxygen at pressures of 10_7 to 10_2 mm Hg. Oxidation data
usually are reported in terms of collision efficiency (E), which is defined as the ratio

of the rate of removal of oxygen molecules from the surface as WO, to the rate of ar-

3
-I/ZL

rival of oxygen at the surface (3.5 x 1022PO (32T) Rates are expressed as
2
molecules/cmz/ sec, with P02 in mm Hg. These data can be converted to rates of

tungsten loss (RW) by the following relations:
Ry, = 4.275 E Pq gm/cm>/min (1)
2

This assumes that the arrival rate of oxygen is a function of pressure and the temper-
ature of the reaction vessel (T = 300°K). Langmuir (Ref. 2) has shown that at pres-
sures below 10—2 mm Hg, the arrival rate of oxygen at the surface is not perceptibly

influenced by the filament temperature.

Langmuir (Ref. 2) conducted the first high-temperature — low-pressure oxidation study
in 1913, The rate of clean up of oxygen in a sealed bulb was measured by a pressure-
drop technique. The rate of oxidation was found to be a linear function of pressure and
an exponential function of temperature. The collision efficiency increased with tem-

perature in the manner of an Arrhenius relation as follows:

5940

E = 57.54x 107 (2)
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This expression in terms of the rate of tungsten loss expressed in the units of the

present work is given by

Ry, = 256 P, exp. (-27200/RT )-gm/cm?/min 3)
2

Above 927°C (1,700°F), the oxide volatilized without dissociation, leaving the surface

clean and bright. At temperatures above 1,500°C (2,730°F), the measured rates were

less than those predicted by the Arrhenius equation.

In 1959, Esinger (Ref. 3) reported on the oxidation of tungsten from 927 to 2,127°C
(1,700 to 3,860°F) in oxygen at pressures of 10”5 to 10~7 mm Hg. Collision efficiency
was determined by measuring the pumping action of high-purity single-crystal ribbons.
Curves of reaction probability versus temperature could be described by the Arrhenius
equation at low temperatures but reached a maximum and then decreased with increasing
temperature. This behavior was attributed to a decrease in sticking probability of oxy-
gen on tungsten, resulting in reduced probability of oxide formation at high temperature.
The low-temperature data agree with those of Langmuir, giving an apparent heat of ac-
tivation of 25,000 cal/mol. Unlike Langmuir's results, collision efficiency was found

to be pressure dependent, and the pressure dependency of rate of oxidation was not

linear.

Becker, Becker, and Brandes reported on similar studies in 1961 (Ref. 4). Results
of tests from 927 to 2,227°C (1,700 to 4, 040°F) in oxygen at pressures from 10—5 to
10—'7 mm Hg were similar to those of Langmuir and Esinger. The collision efficiency
was found to increase, pass through a maximum, and then decrease with increasing
temperature. This behavior was attributed to changes in the sticking probability and
heat of desoprtion of oxygen on tungsten as a function of temperature. Oxygen was
described as adsorbing in two distinct states or layers. For the first layer, the
sticking probability (S) was constant at 0. 14, with an energy of desorption of 106,000

cal. Inthe second layer, S = 0.04, with an energy of desorption of 53, 000 cal. Two

LOCKHEED MISSILES & SPACE COMPANY
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rate equations were derived from theoretical considerations and experimental data. In
the range from 927 to 1,327°C (1,700 to 2,420°F), the first layer was filled ,and the
second layer coverage decreased to zero as temperature increased. The collision
efficiency is given by

-55565

E =60x 10 T (4)
which converted to the units of this work becomes

Ry = 256 Py exp. (-25400/RT) gm/cmz/min (5)

2

The rate equation is very close to that of Langmuir's, which was obtained by a fit of
experimental data to an Arrhenius equation. From 1,727 to 2,127°C (3,140 to 3,860°F)
the first layer is partially filled and the coverage decreases to zero with increasing
temperature. The rate equation becomes

+6060
E=01pP"210 T (6)
0,
which can be converted to
_ 1.5 2, .
Ry = 0.47 P~ exp. (+27700/RT) gm/cm”/min (7
2

Thus, at high temperatures, rates are predicted to increase with Pl‘ 5, but to decrease
with temperature. Becker et al. also showed that carbon as an impurity in tungsten -
could accelerate the rate of oxidation by increasing the concentration of adsorbed oxy-
gen on the surface.

The most recent\ investigation of this phenomenon was conducted by Anderson (Ref. 5)

in 1962, Oxidation behavior in the region of the rate maximum was studied from 1,677
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4407.6 x 1070

to 2,327°C (3, 050 to 4,220°F) in oxygen at pressures of 7.6 X 10"
mm Hg. The results were similar to those found by previous investigators. In the
temperature range from 1,877 to 2,327°C (3,410 to 4,220°F), the rate of tungsten
loss was observed to increase with PO‘I' 26 and to decrease with increasing tempera-
ture. Rates were found to depend on the oxygen atom concentration on the surface
and varied with pressure to the 1.0 to 1.5 power, depending on surface coverage.
Heats of activation were negative and decreased from -14, 000 cal to -20, 000 cal as

pressure decreased.

Only two direct studies of oxidation behavior above 1,300°C (2,370°F) at higher pres-
sures have been reported. Perkins and Crooks (Ref. 6) studied the oxidation of tung-
sten from 1,300 to 3, 000°C (2,370 to 5,430°F) in air at 1 to 15 mm Hg pressure,
using a surface recession technique. From 1,300 to 1,700°C (2,370 to 3,090°F),

rates could be described by

Ry = 14.5P 0.62 oxp. (-31500/RT) gm/cm>/min ®)
2

Oxidation rates reached a maximum at about 1,750°C (3,180°F) and then decreased with
increasing temperature. Although the curves resemble those obtained at very low pres-
sures, the rates are considerably less than would be predicted from equations that have
been cited. As will be shown, oxygen depletion in the reaction chamber is responsible
for the observed behavior,and the measured rates are characteristic of the system,

rather than of the material.

Blackburn et al. (Ref. 7), in 1961 reported on the oxidation of tungsten in flowing 21
percent oxygen — 79 percent argon at one atmosphere from 800 to 1,700°C (1,470 to
3,090°F). Rates were determined by oxygen consumption techniques. At temperatures
above 1, 350°C (2,460°F) the oxide was found to evaporate as fast as it formed. Oxida-
tion rate was found to increase with temperature according to an Arrhenius relation

with activation energy of 21,000 cal/mol. The mechanism was assumed to be that
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postulated by Langmuir at low pressure; however, the observed rates are considerably

less than those which would be predicted by Eqs. (3) or (5).

By considering the oxidation of tungsten as a series of consecutive reactions, Ong

(Ref. 8) derived from kinetic theory and experimental data the following rate equation:

Ry = 5.89 x 10° p)-° exp. (-12170/T) mg/cm?/hr ©)
2 (ATM)
which in terms of this work becomes
_ 0.5 2, .
Ry = 3.56 Py exp. (-24200/RT) gm/cm”/min (10)
2 (mm)

This equation adequately reproduced rate data from three independent investigations

at pressures from 1 mm to 15, 800 mm Hg and temperatures from 700 to 1, 300°C (1, 290
to 2,370°F). Although the temperature-dependent term is similar to that of Eqs. (3)
and (5), the pressure-dependent term and constant are significantly different. The
rates would be considerably lower than those predicted by other equations. The validity
of Eq. (9), however, has not been checked at higher temperatures and lower pressures.
Similarly, it is not known if Egs. (3) and (5) will adequately express rates at pressures

above 10”2 mm.

One of the objectives of the present work, therefore, is to determine whether a change
in mechanism occurs as a function of pressure. The similarity of rate behavior at pres-
sures above 1 mm and below 10_2 mm in terms of temperature dependency suggests a
common behavior over a wide pressure range. Discrepancies in pressure dependency,
however, need to be clarified and resolved. Also, the existence of a maximum in rate
versus temperature at pressures above 10_2 must be confirmed. A pressure range of
10—1 to 5 mm Hg was selected for this study to provide a logical extension of prior

work at reduced pressures.

,//
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Section 3
EXPERIMENTAL

3.1 MATERIALS

{The tungsten used i Mhis investigation was commercial ground seal rod procured from
the General Electric Co. This material, designated as grade MK, is a fine-grain,
partially doped tungsten which is 99. 95+ percent pure. Principal impurities include
C-0.002, O-0.0015, and Mo-0.002 percent. All other impurities are less than 0. 001
percent each’J The rods were 0.1-in. in diameter by 7-in. long and were centerless
ground with a gurface finish of 6 to 8. A few tests were made with Grade 218 ground
seal rod, which is a fully doped material that is, after heating at high temperature,

coarse-grained compared with Grade MK.

Medical Grade tank oxygen 99. 96 + percent pure was used in most of the tests. A num-
ber ofﬂtests were made with Linde Co. Research Grade oxygen, which is 99. 99 + percent
pure. No effect of impurities in the gas on rates of oxidation was detected. Tests in
air were made with normal atmosphere passed through a molecular sieve column.

Changes in relative humidity of the air had no discernable effect on rates.

3.2 EQUIPMENT

v

[All tests were conducted in a surface recession rate apparatus designed and built by

Lockheed Missiles & Space C9_.j (Fig. 1). Specimens were heated by direct resistance ~ &4

using alternating current at 100 to 300 amp and 5 to 15 v. The rods were positioned
vertically in water-cooled electrodes, with slip-fit expansion joints to prevent buckling
on heating. A 6-in. diameter by 14-in. high water-cooled, wrought-copper T-section
was used for the reaction vessel. Total volume of the system, including pipes and
ballast chamber, is about 17 liters. Two sight ports are provided for measurement of
temperature and rod diameter. A 1397 B Welch pump and an MCF-300 diffusion pump

LOCKHEED MISSILES & SPACE COMPANY
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are used in the vacuum system, and an ultimate pressure of 10—5 mm Hg with a leak

rate of less than 1 micron/min was achieved.

All measurements were made in a plane at the approximate center of the specimen.
For most tests, a uniform hot zone, 1 to 2 in. long, existed in the central section of
the rod. Temperature was measured with a microoptical pyrometer compensated for
emissivity and sight-glass effects (Fig. 2). The pyrometer calibration curve was
checked by measuring the apparent melting points of 6 pure metals fastened to the
surface of the rod. Further checks were obtained by measuring evaporation rates of
tungsten in vacuum, which were compared with published evaporation rate data. The
apparent temperature at which the rods melted also was determined for a calibration
point. Rod diameters could be measured continuously by means of a filar micrometer

eyepiece attached to a 4X telescope having an accuracy of + 0. 0005 in.

Pressure in the reaction vessel was measured continuously with a Decker Corp. Model
311 Absolute Pressure Meter. The instrument is calibrated from 0.01 to 30 mm in six
ranges. Calibration of the gage was checked weekly against a Wallace and Tiernan

Model FA 160 Absolute Pressure Meter. This in turn was calibrated every two months

against a secondary standard.

3.3 PROCEDURE

w
[Tests were conducted in air and oxygen under three different conditions: static, turbu-
lent, and impinging_;) For static tests, the gas was admitted through a diffuser located
in the main vacuum line. The system was pumped continuously and the gas leak rate
was balanced against the pumping rate by micrometer leak valves to achieve any de-
sired chamber pressure. This may be viewed as a quasi-static condition in which no
measurable degree of turbulence or flow is created in the reaction chamber. Tests in
turbulent atmospheres were conducted by admitting the gas leak directly into the reac-
tion chamber while continuously pumping the system. The gas was introduced from a

ring manifold concentric with the upper electrode, with jets directed to the chamber

LOCKHEED MISSILES & SPACE COMPANY
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walls. In high-velocity flow (impinging) tests, gas was admitted from a ring manifold
concentric with the specimen near the center line. Twelve jets arranged like the spokes
of a wheel were aimed directly at the specimen surface at a distance of about 1/2 inch.
- Gas leak and pumping rates were adjusted to provide sonic velocity (1140 fps) at the exit
plane of each jet. The dynamic pressure versus static chamber pressure was measured
to determine gas velocity at the surface of the specimen. This varied from 200 to 900
fps, depending on static chamber pressure. For all impinging tests, the pressure re-

ported is the stagnation (total) pressure of oxygén at the surface.

The normal test procedure was to evacuate the system to less than 10"4 mm Hg and
heat the rod for 10 min at 2,000°C (3, 630°F). This conditioning treatment was used

to degas the system and to provide a uniform metallurgical condition from specimen

to specimen. . A new specimen was used for each test. After conditioning, the temper-
ature was adjusted to the run temperature and the gas admitted. Approximately 15 sec
were required to adjust pressure and temperature to the set values. Zero time was
taken at the point when pressure reached about 1/2 the set value. This usually occurred
within 5 sec after admitting the gas. At the end of test, the gas leak and power were
turned off simultaneously. Final time was taken at the point when pressure had dropped
to 1/2 the set value.

I'Surface recession at the sight point is one half the difference between initial and final
diameters as measured by micrometers.| Rates were calculated by the following

relation: P

(DO - Df)

Ry, = _4_9_.__%__ gm/cm?/min | 1)

where D0 and Df are initial and final diameters in inches and t is total time in
minutes. This relation also assumes a plane surface and does not take surface rough-
ness into account. All rates are expressed as gm/ cmz/min and can be converted to

surface recession in inches/min by dividing by 49. Initially, diameter was measured
11
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continuously by optical telescope and plotted as rate curves to obtain 2 mean or average
rate. However, it was found that surface recession was perfectly linear with time, so

that the measurement of initial and final diameter was sufficient to establish an accurate
rate. Total time of testing varied from 2 to 60 min, depending on temperature and

pressure.

12
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Section 4
RESULTS

4.1 RATE REPRODUCIBILITY

Early in the experimental program, it was discovered that oxidation rates varied
markedly with crystallographic orientation (Fig. 3). Originally smooth surfaces
developed well-defined crystal facets after a few minutes exposure to air or oxygen at
high temperature. The extent of faceting was temperature-dependent and tended to be-
come less pronounced on a macro scale at highter temperatures. At temperatures
above 2, 800°C (5, 070°F), mirror finish surfaces often were produced. However, at
high magnification even these surfaces were found to be far from smooth (Fig. 3).
Cylindrical single-crystal rods formed square cross sections and developed well-

defined pyramids on the surface during oxidation at low pressure.

As shown in Fig. 4, this behavior had an effect on the ability to measure rates in an
accurate and reproducible manner. The rate of surface recession in gm/ cmz/min is
indicated on the figure. For single-crystal rods, rates varied from 0. 0235 across

the "square" faces to 0.0310 across the "diagonal." For polycrystalline material, the
effect results in surface roughening and uneven recession. It becomes particularly dif-
ficult to measure recession in coarse-grained tungsten due to the orientation effect.

The rate for Grade 218 tungsten, as shown in Fig. 3, varied from 0.0302 to 0.0326,
depending on the point of diameter measurement. In fine-grained material, Grade MK,
the effect is averaged, and specimens retained a fairly cylindrical cross section with
minimum surface roughness. It is for this reason that the type MK fine-grained rod

was selected for all test work.

The reproducibility of rate measurements in three different ranges of temperature and

pressure for tungsten in turbulent oxygen is shown in Table 1. The two major sources

13
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Table 1

REPRODUCIBILITY OF OXIDATION RATES

1627 °C - 0.22 MM. HG.

DATE - 5/17/62 5/21/62 7/31/62
0.00717 0.00882 0.00874
0.00980 0.00923

AVG.- 0.00875 *18% 26°=20%

1960°C- 0.92 MM. HG.

DATE-  7/30/62 9/14/62 9/18/62
0.0756 0.0716 0.0737
0.0777 0.0733
0.0763 |
0.0767
0.0765

AVG. - 0.0752 *5% 20°=52%

2755°C - 3.0 MM. HG.

DATE - 6/20/62 9/11/62 9/18/62
0.465 0.402 0.420
0.409
AVG.- 0424 t97% 20=11.6%

16
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of error are in control of specimen temperature and measurement of pressure. The
temperature can be measured to within + 5°C but is difficult to control due to changes

in cross section of the rod with time. It is controlled by adjusting the current and tends
to drift in an unpredictable manner. This will cause rate variations in consecutive
tests as well as in tests conducted at later dates. The effect will be most pronounced
in regions where rates are very sensitive to temperature changes. Thus, at 1, 627°C
(2,960°F) and 0. 22 mm, most of the variation is due to errors in temperature. Pres-
sure, on the other hand, is easy to control within close limits, but the absolute value
for any gage reading may vary due to drift in gage calibration. Experience revealed
that significant drifts in calibration could occur within the course of several days. At
least weekly calibration checks were required to give reproducible data. Consecutive
tests proved quite reproducible and errors appeared mostly on a day to day basis. At
1, 960°C (3,460°F) and 0. 92 mm, five consecutive runs were reproducible to within
1.4 percent. The day-to-day variation, most likely due to pressure shifts, resulted

in a + 5 percent reproducibility. [On the average, most rate data were reproducible

to + 10 percent and were within calculated 2-sigma limits. The greatest variability

was found at low,temperatures, where rates had a high—.temperature dependency.| . .. e

.

4.2 REACTIONS IN AIR

In order to obtain rate data that could be applied directly to oxidation problems in aero-
space structures, initial tests were conducted in static and moving air at low pressure.
The preliminary results of this work, which were published in 1961 (Ref. 6), indicated
that rates in static air reached a maximum at about 1, 750°C (3, 180°F) and then decreased
with increasing temperature. This behavior has been studied in more detail at a pres-
sure of 5 mm Hg and found to be the result of oxygen depletion which occurs under static

or mildly turbulent conditions.

At the start of oxidation, the tungsten rapidly consumes oxygen, which must be re-
plenished by diffusion or mass transport from the air inlet port. If the system volume

is small and the inlet port is remote from the chamber, rates of oxidation can be limited

17
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by transport of oxygen to the reaction chamber. Evidence that this in effect does occur
under quasi-static conditions was provided by noting that rate curves were not linear
with time for tests beyond 20 to 30 min. As shown in Fig. 5, the slope of the rate
curve in static air increased with time. The rate after 60 min of test was almost
double that for the initial 10 min of test.

Samples of the atmosphere in the reaction vessel were taken at various time intervals
to determine if changing concentration of oxygen was responsible for changes in rate.

A gas sample of about 100 ml was drawn into an evacuated bulb and analyzed on a mass
spectrometer to determine the ratio of oxygen to nitrogen. These ratios are expressed
as percent O2 in the mixture. Samples were taken from near the surface of the speci-
men and near the wall of the chamber during test. Analysis of the air before test gave
values of 19 to 21 percent 02. As shown in Fig. 5, the "air" near the surface of the
rod after 5 min of test analyzed 11. 9 percent 02. Oxygen concentration at the chamber
wall was slightly greater but still below normal, indicating that a general depletion of
oxygen in the system had occurred. After 30 min, the concentration increased to 14.9
percent,and at the end of one hour it had reached 16. 3 percent. Thus, the increase of

rate with time is shown to be due to an increase in oxygen concentration with time.

The oxygen content of the atmosphere is governed by a balance between the rate at which
the specimen will consume oxygen and the rate at which oxygen can be supplied. If the
rate of consumption at a given temperature exceeds the rate of transport in the system,
the gas in the chamber is rapidly depleted of oxygen. The rate of consumption then
drops until a balance is achieved. Normally, a steady-state condition, where consump -
tion rate equals transport rate, should be reached at some reduced oxygen pressure.
However, in this type of test the total surface area and average temperature of the
specimen decrease with time. Constant temperature is maintained only at one point on
the surface. The total rate of oxygen consumption at any pressure, therefore, will de-
crease with time, causing a shift in the balance point to higher oxygen pressures. 'The
net effect is an increase in the fate of oxidation at the point of measurement,where tem-

perature is held constant.
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If this analysis is correct, then the oxygen concentration in the gas should decrease
with increasing specimen temperature. To verify this, samples of the atmosphere
were taken for analysis after 4 min of testing at temperatures from 1, 350 to 3,000°C
(2,460 to 5,430°F). As shown in Fig. 6, oxygen concentration decreased from a high

of 19 percent at 1, 377°C (2, 510°F) to a low of 2.4 percent at 2, 590°C (4, 690°F).

These data are semi-quantitative and are not an absolute measure of oxygen concentra-
tion at the surface. They clearly show, however, that the rate maximum and the de-
crease in rate with increasing temperature in static air are due to oxygen depletion of
the atmosphere. Such rate data are characteristic only of the system and do not reflect
the truc oxidation behavior of tungsten. For tests in air, it is necessary to increase
the rate of transport of oxygen in the system until it is not rate-limiting over the tem-

perature range of interest.

Incrcased rates of gas transport were achieved by admitting air directly to the reac-
tion chamber to create turbulence and by impinging air on the sample. The results of
tests at 5 mm Hg are given in Figs. 5 and 6. The rate of oxidation is significantly in-
creased when turbulence is created; however, depletion of oxygen near the surface still
occurs. This is shown by non-linearity of the rate curve and by comparison with
impinging-air data. Rates in impinging air were linear with time and were higher than
those in turbulent air. At 2,400°C (4,350°F), the imbinging air rate was 20 times the

static rate and 3 times the turbulent rate.

The rate data in impinging air at 5 mm Hg reveal three different regimes of oxidation

behavior with increasing temperature:

e From 1,300 to 1,760°C (2, 370 to 3, 200°F), rate increased bwith temperature
by an Arrhenius relation with an apparent activation energy of 43, 900 cal/mol.

e From 1,760 to 2, 630°C (3, 200 to 4, 770°F), rate increased with temperature
by an Arrhenius relation with an apparent activation energy of 24, 500 cal/mol.

e Above 2,630°C (4, 770°F), rate increased to a maximum at 2,710°C (4, 910°F)
and then decrcased with increasing temperature. The apparent heat of acti-

vation decreased to zero and became negative with increasing temperature.
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4.3 REACTIONS IN OXYGEN

To further explore the role of gas transport on oxidation behavior and to establish the
validity of rates in impinging air, tests were made in static, turbulent, and impinging
oxygen at a pressure of 1.1 mm Hg. These data are compared with those from tests

in impinging air at 5 mm Hg (PO2 = 1.05 mm) in Fig. 6. At an oxygen pressure of

1.05 to 1.1 mm Hg, the rate of oxidation from 1, 300 to 2, 350°C (2, 370 to 4, 260°F) as
measured under four different conditions — static, turbulent, and impinging oxygen

and impinging air — is identical. Gas velocity up to 900 fps had no measurable effect
on kinetics. The data show that under these conditions gaseous transport of reactants
and products is not rate-limiting. Data obtained in oxygen can be used directly to pre-

dict rates in moving air at velocities approaching Mach 1. Oxygen pressure under

‘dynamic conditions must be taken as the total or stagnation pressure of oxygen at the

surface. Although it is believed that no effect of velocity will be found at the higher
flow rates characteristic of atmospheric re-entry, extrapolations of the data should
be used with a degree of caution.

At oxygen pressures of 1.05 to 1.1 mm Hg and temperatures above 2, 300°C (4, 170°F),
a marked dependency of rates on gas velocity is indicated. In static oxygen, the rate
reached a maximum at 2,465°C (4,470°F) and then decreased with rising temperature.
In impinging oxygen at 230 fps, the rate maximum was reached at 2,710°C (4, 910°F)
followed by a similar drop with temperature. Although it is possible that the position
of the rate maximum will be shifted to still higher temperatures with increased flow,
the data suggest that a limiting condition is being approached. The rate maximum for
impinging air (v = 900 fps) occurred at the same temperature as that for impinging
oxygen (v = 230 fps) at equivalent oxygen pressures (Fig. 6). The fourfold increase
in velocity had little effect and actually resulted in lowered values of oxidation rate.

4.4 PRESSURE DEPENDENCY

The pressure dependency of the reaction of tungsten and oxygen was studied from 0.11
to 3.0 mm Hg at 1, 300 to 3, 350°C (2, 370 to 6,060°F), and from 0.10 to 21 mm Hg at
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two selected temperatures. As shown in Fig. 7, the curves of log rate versus 1/T have
identical form at pressures from 0.11 to 3.0 mm Hg. The curves as drawn représent
an average fit of all the data and good agreement of data points with lines of uniform
slope at each pressure is shown. The apparent heats of activation are the same as
those reported for tests in impinging air: 43, 900 cal/mol below the rate transition

and 24,500 above. The apparent heats of activation at temperatures above the maximum

rate range from -21,100 to -13, 800 cal/mol, the slope decreasing with reduced pressure.

Since the slopes in the linear region are parallel for all pressures, the pressure de-
pendency of reaction rate is constant over the temperature range of constant slope.
The position of the curves shows that the pressure dependency is higher at tempera-
tures above the rate transition point than at those below. Similarly, pressure depend-

ency beyond the point of maximum rate is higher than that below.

Pressure dependency has been measured for each of these three regions as shown in
Fig. 8. A plot of log rate versus log pressure should be linear, with a slope N equal
to the pressure dependency of the reaction. In the low-temperature (high-activation-
energy) region, oxidation rate was proportional to oxygen pressure to the 0. 59 power.
At 1,627°C (2, 960°F) in turbulent oxygen, pressure dependency deviated from 0.59 at
about 2 to 3 mm Hg and became smaller with increasing pressure. Under impinging
conditions, it was constant at 0. 59 with increasing pressure to 10 mm Hg. This be-
havior suggests that transport of reactants or products can be a problem in oxygen
atmospheres at pressures above 2 to 3 mm Hg. At1,627°C (2,960°F) and a pressure
of 0.2 mm Hg, the rate transition point is crossed and pressure dependency at lower

pressures increased to the value corresponding to that of the second region.

In the second (low-activation-energy) region, pressure dependency at 1, 960°C (3, 560°F)
was constant at 0.82 from 0.1 to 10 mm Hg. The same value was found in turbulent and
impinging oxygen. At about 8 mm Hg pressure, the rate transition point is crossed, and
pressure dependency at higher pressures will drop to a value of 0. 59, which is charac-

teristic of the first region. Thus it can be seen that at constant temperature the
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dependency of rate on pressure will change whenever the point of rate transition is
crossed. This must be taken into account when data are to be extrapolated to higher

or lower pressures from any given point.

The pressure dependency at a temperature beyond that of the rate maximum was not
constant with pressure under turbulent conditions. At 2,984°C (5,400°F), the value
of N approached 1 at pressures below 0.10 mm and approached 0. 8 at a pressure of
1 mm Hg. In impinging oxygen, the value of N was close to 1.0, indicating a linear

dependency on pressure inthis region.
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Section 5
DISCUSSION

There are many similarities between the results of this investigation and those of
others conducted at much lower pressures. A graph has been constructed with the
data of Esinger (Ref. 3) and Anderson (Ref. 4) to compare the effect of temperature
on oxidation rate at oxygen pressﬁres from 10—6 to 3.0 mm Hg. (Fig. 9). The low-
temperature portion of Esinger's data fits an Arrhenius rate equation with an apparent
activation energy of about 25, 000 cal/mol. The slope of the second region from our
work (24, 500 cal/mol) is in excellent agreement with that value. Similar values were
reported by Langmuir (Ref. 2) and Becker (Ref. 4). None of the other investigations
at low pressure detected the rate transition to a high-activation-energy region at lower
temperatures. However, if the temperature for rate transition as determined in this
investigation is extrapolated to lower pressures, it can be seen that the other investi-

gations were not conducted at sufficiently low temperatures to detect the break.

One possible exception is the work of Langmuir (Ref. 2), which was conducted at low
enough temperatures but in which no break was found. Direct comparison with
Langmuir's data may not be valid, however, since the pressure was changing from

5 x 10—2 to 2 x 10_4 mm Hg during his test. All the other studies were made at pres-
sures which were constant or varied over a small range. In order to develop a complete
picture of oxidation behavior it will be necessary to study reactions at pressures below
10_1 mm Hg in the temperature range where a rate transition would be expected. The
existence or absence of such a break will have an important bearing on any mechanistic

interpretation of results.
The position and shape of the curves in Fig. 9 suggest a common behavior pattern over
the entire range of pressures. If this is true, then it should be possible to correlate

the rates and the position of the maximum rate with pressure and temperature. The

rate of oxidation at the point of maximum rate for these three independent investigations
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is correlated with oxygen pressure in Fig. 10. The agreement is surprisingly good,
considering the very wide range of pressures and rates and the differences in exper-
imental procedure. This correlation shows that the maximum rate of oxidation is

close to a linear function of oxygen pressure from 10"6 to 1 mm Hg. The maximum

rate can be predicted by the following simple relation:

_ 1.08 2, .
R oax = 0.295 P02 gm/cm®/min (12)

The temperature at which the rate maximum will occur is plotted versus the oxygen
pressure in Fig. 11. It can be seen again that an excellent correlation exists between
the results of three different investigations. The values from this investigation in
turbulent oxygen deviate from the linear relationship at pressures above 0.11 mm Hg.
With impingement of oxygen, the point of maximum rate shifted to higher temperature
and approached the linear relation. The relation between temperature and pressure for

the point of maximum rate can be expressed as follows:

P, = 2.537 x 107 exp. (~104000/RT) (13)
2 |

Further correlation of the results of the three investigations was obtained by the com-
parison of calculated and experimental rates. By means of an empirical equation fitted
to the experimental results of this investigation Py, = 0.11t0 3.0 mm Hg), the rate
of oxidation was calculated for a point on the linear portion of the log rate versus 1/T
curves for five different pressures from 1.2 x 10—6 to 3.0 mm Hg. The results to-
gether with values calculated from the equation derived by Becker (Ref. 4) from theo-
retical considerations are presented in Table 2. An excellent correlation between
measured -rates and those calculated from the equation der‘iVed from our data is shown.
Calculated and experimental rates agree with + 20 percent over a three-million-fold
range of pressure and a 950°C range of temperature. The magnitude of rates which are

accurately predicted varies by a factor of almost ten million. Values calculated from
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Becker's equation give fair agreement at low pressure but deviate from measured rates
at higher pressure. They are too high by a factor of 10 at pressures of 0.1 to 3.0 mm
Hg, although this is reasonable agreement, considering the range of values. Langmuir's
(Ref. 2) equation similarly yields an increasingly poor fit with measured rates at in-

creased pressure.

The foregoing comparisons clearly suggest that a common mechanism exists in oxida-
tion of tungsten over an extremely wide range of temperature and pressure. Becker
(Ref. 4) has proposed a mechanism based on the fractional coverage of adsorbed oxygen
atoms. Atoms are envisioned as chemisorbing in two distinct layers, with the energies
of adsorption or desorption being lower in the second layer than in the first. Similarly,
the energy of formation and desorption of the oxide is estimated to be lower in the second
layer. The transition from two layers to one layer is postulated to occur in the region
of the rate maximum. The theory predicts that the rate should decrease with increasing
temperature (energy of -27, 500 cal/mol) at low coverage (9< 1) and increase with pres-
sure to the 1.5 power. At high coverage (0$1) , the rate should increase with temper-
ature (energy of +25, 000 cal/mol) and be a linear function of pressure. The relation of
pressure and temperature for a monolayer coverage (6 = 1) as derived by Becker is
shown in Fig. 11. Good agreement with the curve for the points of maximum rate is
indicated. The slope of 106,000 cal/mol is defined by Becker as the heat of adsorption

of oxygen on tungsten when the oxygen atom coverage is a monolayer or less.

Although Becker's theory predicts the correct dependence of rate on temperature in the
vicinity of the rate maximum, it cannot be accepted as a valid description of reaction
mechanism without additional proof. Any mechanistic explanation of the experimental
data must be consistent with all aspects of the observed behavior over the entire range

of pressure. Specifically, theory must account for the following observations:

e The rate of oxidation is a fractional rather than linear order of oxygen
pressure. This fact most ligkly accounts for the inability of previously
derived rate equations to accurately predict rates over a wide range

of pressure.
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e The temperature and pressure dependency of rate at temperatures below
the maximum point change as the temperature is decreased.

e The maximum rate occurs at anomalously low temperatures at high
pressures and its position is influenced by gas velocity. (In this
case, velocity per se may not be the factor responsible for the
change, since increased velocity is accompanied by decreased gas
temperature.)

e The rate is dependent on crystal orientation; however, the magnitude

of dependence decreases with increased temperature.

The overall problem of developing an adequate mechanistic explanation of observed
rate data is complicated by micro and macro faceting of the surface due to orientation
effects. Three sources of error result in a significant difference between measured
and true rates of the reaction. The surface after a few minutes test resembles a
mountain range (Fig. 3). Peaks and valleys are formed as each crystal orientation
exposed to the gas assumes its own characteristic rate of recession. On close inspec-
tion, it can be seen that the surface consists of a multitude of small plane areas that
intersect at well-defined crystallographic angles. Since the amount of metal removed
is measured at the peaks, the weight loss is less than the true value by the amount of
material which has been removed from the valleys. If the grain size is small and the
surface recession large, this difference becomes negligible. A more serious error
results from the fact that the measured rate is based on recession of the peaks rather
than on recession of the plane faces where the reaction occurs. A geometrical analysis
will show that the peak of a pyramid which is growing shorter by recession of its four
plane faces will be receding at a faster rate than each face. Thus the measured rate
of recession is higher than the true rate of the reaction. The major error results,
however, when the rate per unit area is based on an assumed plane surface area which

is much smaller than the true surface area exposed to the, gas.

The considerations given above imply that when marked faceting of the surface occurs,

the measured rate of reaction is significantly larger than the true rate of reaction.
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Since the degree of faceting decreases with increasing temperature,significant changes
in slope and measured values of activation energy and pressure dependency can occur.
This problem has no bearing on the value of the data for engineering purposes. How-
ever, if the data are to be used in developing a mechanistic explanation, a serious
question as to the validity of calculations can be raised. A study of rate as a function
of orientation and true surface area would be helpful in resolving the questions that
have been raised. In addition, continuing work on adsorption and desorption, effects
of gas temperature and velocity, and identification of oxide vapor species is needed to
develop a completely adequate theory.
Hoe attaci- A chart,
[The results of this investigation are presented in summary form in-Fig.-12 and fill a
primary need for engineering data for many potential uses of tungsten. They are ex-
pressed as equations which define (1) the boundaries where changes in rate behavior
occur and (2) the rates of oxidation within each region of uniform behavior as a function
of pressure and temperature. A low-temperature boundary that describes the limits
for formation of a visible oxide film on tungsten also is presented. Due to a large
change in emissivity, it was possible to determine the maximum temperature for any
pressure at which solid oxide exists as a visible film or scale on tungsten. The oxide
has been tentatively identified as W1 80 49 by its characteristic red-violet color. This
is an important boundary for applications in radiatively cooled structures, since a
major change in emissivity occurs. The defining equation is in terms of oxygen pres-
sure; however, in air, the boundary is a function of the total pressure. It is not known

whether a change in temperature dependency of rate will occur on crossing this boundary. |

The applicability of laboratory test data to performance in operational evnironments is
always an important consideration where marked differences are apparent. The data

presented encompass the effects of pressure, temperature, and flow. The range of

applicability and limitations of the data have been cited. Two important factors in at-
mospheric re-entry applications, however, have not been incorporated in this work.
These are the gas temperature and molecular dissociation. The gas which strikes the
surface of a re-entry structure has been heated to very high temperatures in passing
through the shock wave, and the oxygen probably is dissociated. The laboratory studies

are based on the reaction of a heated surface with a molecular gas that is close to room
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temperature at low pressure. Practically all other oxidation data are from tests where
the gas and metal are at the same temperature. If the rate is determined by a reaction
on the surface rather than by the impact of gas molecules with the surface, then the ef-
fect of gas temperature usually will be negligible. Langmuir (Ref. 2) found that reac-
tion rate was determined by the temperature of the metal and was not affected by vari-
ations in gas temperature over a 300°K range. Additional work is needed however to

prove conclusively the independence of rate on gas temperature.

The effect of dissociation of the gas before striking the surface is unknown and is a

factor that should be investigated. If the heat of adsorption of oxygen is a factor in
determining rates, as proposed by Becker (Ref. 4), then dissociation would have a sig-

nificant effect.
5.1 {CONCLUSIONS

(1) The rate of oxidation of tungsten from 1, 300 to 3, 350°C (2, 370 to 6,060°F) in
air or oxygen at pressures below 5 mm Hg is equal for the same partial pres-
sure of oxygen. Rate is a function of metal temperature, oxygen pressure,
and crystal orientation.

(2) In static or slowly moving air at all pressures and in oxygen at pressures
above 3.0 mm Hg, rates may be limited by transport of oxygen to the sur-
face. High-velocity flow is needed to provide a known and constant pressure
of oxygen. When a constant oxygen pressure is maintained at the metal sur-
face, gas velocity up to Mach 1 has no effect on the rate of reaction.

(3) At temperatures above a boundary defined by PO2 = 1.161 x 1014 exp.

(-93,500/RT) a visible oxide scale does not form on tungsten in oxygen at
low pressure. In air, the boundary is defined by the total pressure.
(4) At temperatures above the oxide scale boundary, rate of metal loss is de-
scribed by the relation Ry, = 2,385 Pozo' 59 exp. (-43,900/RT) gm/cmz/min. .
(5) A transition in rate behavior occurs at a boundary defined by PO =1.082 x 10
exp. (-93,500/RT). 2

0
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At temperatures above this transition, the rate of tungsten loss is

described by

R = 20P° 82 exp. (-24,500/RT) gm/cm>/min
W 0,

(6) The rate of oxidation reaches a maximum at a temperature defined by PO

= 2.537 x 10 exp. (-104,000/RT). The maximum rate of metal loss at >
1.08

any pressure is given by the relation RW = 0.295 Poz gm/cmz/min.
At pressure above 10"1 mm Hg, behavior near the temperature of maximum
rate is influenced by gas velocity.

(7) At temperatures above the rate maximum, the rate of metal loss increases
as a linear function of oxygen pressure and decreases with temperature.

(8) A common mechanism appears to exist in the oxidation behavior of tungsten
at high temperatures in oxygen at pressures from 10_6 to at least 10 mm Hg.
The empirical rate equations in conclusions (5) and (6) above will accurately

predict rates,which vary by a factor of up to 10 million in this pressure

range. |

.
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